Study design: An experimental cross-sectional design. Objectives: To evaluate whether training of the innervated respiratory muscles in individuals with a (partial) cervical spinal cord injury will improve the strength and endurance capacity of these muscles and the exercise performance in these individuals. Setting: Department of Physiology and Pulmonary diseases, Nijmegen, The Netherlands. Method: In this study nine individuals with tetraplegia (C3 ± C7) performed a target¯ow endurance training of the inspiratory muscles, twice a day for 15 min. First, the subjects performed a`sham' training for 6 weeks with no appreciable resistance, after that they performed a`real' training for 6 weeks with a resistance of 70% of the maximal endurance capacity of the inspiratory muscles. The training was evaluated at 0, 6 and 12 weeks by the following tests: (1) the slow Inspiratory Vital Capacity (IVC) and the Forced Inspiratory and Expiratory Volumes over 1 s (FIV 1 and FEV 1 ); (2) the Maximal Inspiratory Mouth Pressure (P imax ) and the Endurance Pressure (P endu ) and (3) a maximal arm-cranking exercise test. Results: After the sham training, the P endu was increased from 3.98 to 4.71 kPa with a Pvalue of 0.05. The sham training had no in¯uence on any of the other variables. The real training had no eect on the IVC, FIV 1 , FEV 1 and P imax , however, increased the P endu from 4.71 to 6.16 kPa (P=0.01), representing the respiratory muscle-endurance capacity. The oxygen consumption (V . O 2 peak) in the maximal exercise test improved from 0.87 to 0.98 l/ min (P=0.05).
Introduction
In individuals with cervical lesions below C4, the motor innervation of the diaphragm and the sternocleidomastoid muscle will be intact, so one can breathe independently. The loss of innervation depends on the level and completeness of the lesion. This induces another, most likely less ecieÈ nt, breathing pattern in individuals with complete as well as incomplete lesions. In individuals with tetraplegia the lung volume is changed, particularly the Vital Capacity (VC) is decreased. 1 ± 4 The decrease in VC is mostly induced by a decrease in Expiratory Reserve Capacity (ERC) and an increase in Residual Volume (RV). 2, 3 The Maximal Expiratory Flow is also decreased. 2 Denervation of the intercostal muscles results in changes in the mechanics of the lungs and thorax, such as a reduction in lung compliance and a strong restrictive ventilatory impairment. 1 In individuals with tetraplegia inspiratory force is about 60% compared to that of age-matched normal subjects. 5 The eciency of the unaected muscles may be decreased due to instability of the chestwall and due to an inactive lifestyle. 5 The respiratory muscle dysfunction in tetraplegics can be described as`muscle weakness' (low maximal strength) and as`muscle fatigue' (endurance capacity) of the respiratory muscles. 6 Both appear to be signi®cantly reduced in individuals with tetraplegia compared to able bodied individuals. 7 The inspiratory endurance capacity of the respiratory muscles (P endu ) expressed as percentage of the maximal inspiratory strength of these muscles (P imax ) is about 50% in individuals with tetraplegia compared to about 80% in able bodied individuals. 7 Limitation of exercise by muscle fatigue asks for training of the respiratory muscles. Training of these muscles may improve the daily activities. Respiratory muscle training in healthy subjects, COPD (Chronic Obstructive Pulmonary Disease) and other pulmonary patients has shown a positive eect. 8 ± 14 In individuals with tetraplegia training of the inspiratory muscles has been applied by Gross et al 15 BieringSorensen et al 16 and Derrickson et al. 17 The latter compared inspiratory muscle training using inspiratory resistance to training with abdominal weights in individuals with tetraplegia shortly after the injury, which is an unstable period. There was no signi®cant dierence in pulmonary function between the two training programs, but the pulmonary function did improve after training. Gross et al 15 and BieringSorensen et al 16 studied individuals with tetraplegia after the rehabilitation period and thus in a more or less stable condition. Both had little or no control of the training intensity during the training period. Gross et al 15 found an increase in strength and in endurance, but the two were not correlated with each other. BieringSorensen et al 16 compared the peak¯ow, lung volumes and ventilation-and diusion-capacity. Only the peak ow showed a signi®cant increase after training. In both studies the imposed inspiratory resistance (ie training intensity) was not objectively adjusted during the training, which may in¯uence the training eect. The purpose of this study is to determine whether target¯ow endurance training of the inspiratory muscles, using a well-controlled training intensity, 18, 19 increases the strength and endurance of these muscles in individuals with complete and incomplete tetraplegia and, in addition, to examine the eect of this training on maximal exercise performance.
Methods

Subjects
Ten individuals (eight male and two female) with tetraplegia participated in this study. Due to illness, not related to the study, one female subject dropped out of the study. The lesion levels of the nine participating subjects varied between C3 and C7 and existed for at least 2 years with a mean of 11.1 year and a range from 2 ± 27 years. The ages varied from 20 ± 49 years with a mean of 34.4 years of age (Table 1) . Three subjects had a complete lesion (ASIA impairment scale: (A), three subjects had a complete motor and an incomplete sensory lesion (B) and three subjects had an incomplete motoric and sensory lesion (C and D). In this last group part of the muscles below the lesion were still innervated: one subject (subject 4 in Table 1 ) still had 10% of his motoric function (C); one still had 50% of the muscle strength in the left side of his body (subject 3) (D); the third could move all limbs, but had a decreased muscle strength and overall condition (subject 5) (C). Subjects with pulmonary disease or trauma of the chest wall were excluded from this study. The study was approved by the Faculty Ethical Committee and all subjects gave their written informed consent.
Protocol
On the ®rst visit the subjects performed a series of tests including lung function tests and an exercise test. Following this, the subjects did a`sham' training for 6 weeks with an incentive¯ow meter with no appreciable resistance. They were told that this training aimed at improving mobility of the chest. After this training period the tests were repeated, and all subjects participated in a`real' target¯ow training program for 6 weeks with an incentive¯ow meter with a resistance. 18, 19 The subjects were used as their own control. Following the training the tests were repeated. During the training periods at 2 and 4 weeks, the subjects were tested at home to adjust the training intensity.
Lung function tests
All following tests were performed before training, after 6 weeks sham training and after 6 weeks real training. A lung function test was performed at the Department of Pulmonology Dekkerswald, University of Nijmegen, with a spirometer (Pulmonet 3, Sensormatics, Utrecht, The Netherlands). Slow Inspiratory Vital Capacity (IVC), Forced Expiratory Volume over 20, 21 The test was performed with a plastic¯anged mouthpiece which was connected to a closed, rigid, plastic tube with a small leak (I.D. 1.8 mm; length 40 mm), to prevent buccal muscles from producing signi®cant pressures, and to prevent closing of the glottis. 22, 23 A pressure transducer (Gould P23ID, Statham, USA), connected to a pressure monitor (Gould SP1405, Statham, USA) measured the pressure inside the tube. The results were recorded on a chart-recorder (Kipp & Zonen BD41, Delft, The Netherlands). The pressure system was calibrated before each measurement with a mercury column. The subjects were in a comfortable sitting position, wearing a noseclip. The P imax was measured at Residual Volume (RV). The maximal pressures had to be maintained for at least 1 s, in order to reach a plateau. Each subject repeated the manoeuvre at least three times until two almost identical readings were obtained. The highest plateau-pressure value was used for analyses as being the maximal mouth pressure. All subjects were verbally encouraged to perform maximally and recieved visual feedback from the chart-recorder.
The incremental threshold loading test assessed the endurance capacity or fatiguability of the respiratory muscles. 24 A modi®ed weighted inspiratory valve was used. Weights could be added externally every minute without disrupting the system or breathing pattern. This system was connected to the pressure transducer and the chart-recorder. All subjects were in a comfortable sitting position, wearing a noseclip. The test consisted of a continuous incremental protocol in which weights were added every minute, varying between 10 and 40 g, aiming at achieving maximal endurance capacity within 20 min. The subjects were verbally encouraged to breath through the mouthpiece as long as possible. The highest pressure achieved, maintained for 1 min, was de®ned as the P endu . The relative P endu (RP endu ) was calculated by expressing the P endu as a percentage of the P imax .
Exercise test
The exercise test, performed at 0, 6 and 12 weeks, was an incremental maximal arm-cranking exercise test, performed on an electrically braked arm ergometer (modi®ed cycle ergometer, Lode RS 232, Groningen, The Netherlands). If necessary the hands were ®xed to the handles with especially designed mitts and the body was ®xed to the wheelchair with an elastic belt. During the test ECG was monitored continuously. The expired air was analyzed using an automatic mixing chamber ergospirometer (Oxycon IV, Mijnhardt, Bunnik, The Netherlands). Besides the peak power output (PO peak), the peak oxygen consumption (V . O 2 peak), the peak expiratory minute ventilation (V E peak), the respiratory gas exchange value (R-value), the breathing frequency and the tidal volume were measured. The ergospirometer was calibrated before each test with known gas mixtures. The cranking protocol was a continuously incremental protocol of 3 ± 6 W per min, depending on the ®tness level of the subject, starting at 3 W. The protocol was the same for each subject the ®rst, second and third time they performed the test. Each subject was verbally encouraged during the whole test. The test was terminated when the cycling frequency dropped below 40 rpm or when the subject stopped for another reason.
Training
The subjects trained twice a day for 15 min during 6 weeks. The training consisted of inspiration through a mouthpiece connected to an incentive¯ow meter (INSPIRx Incentive Spirometer, Intertech, Sims, USA). A breathing pattern of 3 s inspiration and 4 s expiration was imposed. The subjects wore a noseclip. During the sham training the apparatus had no appreciable resistance. The subjects were unaware of this and thought they were performing a training of the chest mobility. During the real training the apparatus was ®tted with an extra resistance of 2 mm. The leak in the incentive¯ow meter was adjusted in such a way that the inspiratory mouth pressure was 70% of P endu . 18 Home test After 2 and 4 weeks of sham training the dierence in chest circumference between maximal inspiration and maximal expiration was measured with a measuring tape, in accordance with the suggestion of improvement of the chest mobility. After 2 and 4 weeks of real training P imax and P endu were measured at the subjects home. If necessary, the training apparatus was readjusted to 70% of the newly achieved P endu .
Statistical analysis
The results of the dierent tests were analyzed with a paired Student t-test (P50.05)
Results
The individual characteristics of the subjects in this study are shown in Table 1 .
The IVC, FIV 1 and FEV 1 showed no signi®cant dierences before and after either sham or real training.
After the sham training the P endu was increased from 3.98 to 4.71 kPa with a P-value of 0.05. The sham training had no in¯uence on the P imax and RP endu .
The real training had no in¯uence on the P imax . The increased signi®cantly after the real training, from 4.71+1.49 to 6.16+1.57 kPa with a P-value of 0.01 and the RP endu increased signi®cantly from 58.3+18.6 to 77.3+23.3% with a P-value of 0.02. (Figure 1) The sham training had no eect on exercise performance. After the real training there was a tendency to an increase in PO peak (from 37.0+26.2 W before to 40.8+28.0 W after training), and V E peak (from 34.8+11.3 l/min before to 37.3+13.5 l/min after training). V . O 2 peak increased signi®cantly from 0.87+0.49 to 0.97+0.44 l/min with a P-value of 0.05. (Figure 2) 
Discussion
Lung function tests
The IVC and FEV 1 in the present study are lower in tetraplegic than in able bodied individuals 7 (3.7 and 4.4 l for IVC, 3.2 and 3.6 l for FEV 1 , respectively), which is in agreement with previously reported results. 1 ± 4 The mean values for IVC (3.7 l) and FEV 1 (3.2 l) are higher than the values for individuals with tetraplegia in the study of Biering-Sorensen et al 16 (2.4 and 2.2 l, respectively). This is probably due to the fact that in the present study individuals with incomplete lesions were included, in contrast to the study of Biering-Sorensen et al. 16 Both, the present study and the study of Biering-Sorensen et al, 16 revealed no changes in IVC and FEV 1 after training of the inspiratory muscles. This suggests that the decrease in lung volume in individuals with tetraplegia does not depend on the strength and endurance of the remaining inspiratory muscles, but on changes in the mechanical behaviour of the lungs, such as a reduction in lung compliance and a strong ventilatory impairment. 1 The mean value for the P imax in the present study (8.37 kPa) was higher than the values in the study of Hopman et al 7 (5.91 kPa). Again this could be explained by the participation of subjects with incomplete lesions in our study in contrast to the study of Hopman et al.
7 P endu and RP endu before training (3.98 kPa and 47.9%, respectively) are in agreement with the study of Hopman et al 7 (2.71 kPa and 49%, respectively), these values are obviously less dependent on the completeness of the lesion. Comparing the values of the present study to values in able bodied individuals 7 (P imax 8.37 and 8.41 kPa, respectively; P endu 3.98 and 6.91 kPa, respectively; RP endu 47.9 and 82%, respectively), lower values on endurance capacity are found in the spinal cord injured population, as expected, but the maximal inspiratory strength appears to be the same in both populations. This may indicate that the diaphragm and/or accessory inspiratory muscles play a pivotal role in P imax . The increase in endurance capacity of the inspiratory muscles after training (Figure 1 ) is in agreement with the results of Gross et al 15 although they did ®nd an increase in the strength of the inspiratory muscles as well. It is well known that the training-eect on muscles is speci®c to the training-mode. 12 Since the Figure 1 Lung function test: respiratory muscle strength and endurance. Maximal Inspiratory Pressure (P imax ), Endurance Pressure (P endu ) and Ratio between P endu and P imax (RP endu ) before training (1), after 6 weeks sham training (2) and after 6 weeks real training (3) *P50.05 Figure 2 Exercise test: peak oxygen consumption. Peak oxygen consumption (peak V . O 2 ) before training (1), after 6 weeks sham training (2) and after 6 weeks real training (3). *P50.05 training in the present study was a typical endurance training the improvement of the endurance capacity and the lack of improvement on strength of the respiratory muscles are in line with the trainingspeci®city. The increase of P endu after the sham training (Figure 1) was not expected, the P-value being lower (0.0457) than after the real training (0.0091). An explanation for the increase during the sham training could be due to the fact that the subjects where focused on their breathing and more aware of their breathing pattern.
Exercise test
The mean value for PO peak in the present study (37.0 W) was higher than the mean value for tetraplegic subjects in the study of Coutts et al 25 (24 W) , which may again be due to the participation of subjects with incomplete lesions in the present study.
The mean values for the V . O 2 peak and the V E peak before training in this study (0.87 and 34.8 l/min, respectively) were lower than Coutts' ®ndings (0.97 and 50 l/min, respectively). This could be explained by the participation of trained wheelchair athletes in the study of Coutts, while our study population was untrained. The increase in V . O 2 peak, as was found after training, indicates an improvement in aerobic exercise performance ( Figure 2 ). To our knowledge no earlier research has been carried out on exercise performance after respiratory muscle training in individuals with tetraplegia. The increase in V . O 2 peak after training may be explained by an improvement in the oxygen uptake by either the respiratory muscles and/or the exercising arm muscles. The values for V . O 2 peak were still very small compared to the V . O 2 peak for arm exercise in able bodied individuals, 26 most likely due to the smaller active muscle-mass 25 and the inactive lifestyle 5 as mentioned before in the introduction.
Conclusion
Target¯ow endurance training of the inspiratory muscles in individuals with tetraplegia increases the endurance capacity of the inspiratory muscles, but has no measurable eect on the strength of these muscles. In addition, the results of this study show a better aerobic exercise performance of this population after training the inspiratory muscles.
